To elucidate the mechanism of impaired serum binding of furosemide observed in patients with renal dysfunction, we examined in vitro the serum protein binding of furosemide in the absence and presence of uremic toxins that are endogenously retained solutes in uremic serum and act as inhibitors of drug binding. Analysis of the binding data of furosemide at its therapeutic concentration (6.6 mg/L) indicated that, among the four uremic toxins studied, 3-carboxy-4-methyl-5-propyl-2furanpropionate (CMPF) showed the greatest inhibitory potency for the binding of furosemide to serum; moreover, the inhibition was competitive. CMPF thus most likely represents the primary determinant for the serum binding defect of furosemide in uremia. However, CMPF and oleate appear to exert a synergistic effect on the inhibition of furosemide serum binding-perhaps through a cascade effect on furosemide-binding inhibition in the oleate-CMPF-furosemide system, in which the binding of oleate to its low-affinity sites indirectly displaces furosemide from albumin and thus increases the transiently liberated CMPF molecules. Similar cascade effects on furosemide binding in the presence of CMPF were also originated by other long-chain (C 18 ) fatty acids, linoleate and stearate, although to a lesser extent. Because CMPF is not effectively removed by ordinary hemodialysis treatment, the combined direct and cascade effects of CMPF and fatty acids appear to contribute to the increase in the free fraction of furosemide during hemodialysis.
In comparison with other types of diuretics, furosemide causes diuresis, which is accompanied by an increase in renal blood flow and glomerular filtration rate. As a result, furosemide is frequently used in diuretic therapy for patients with renal dysfunction (glomerular filtration rate Ͻ20 mL/min) and for elderly patients. The changes in pharmacological and toxicological response to furosemide frequently seen in these patients probably result from a complex set of events, for which the relevant mechanism is still unknown [3] .
Even when concentrations of albumin (the major carrier protein for furosemide in blood) are within the reference range, a decrease in serum binding of furosemide frequently occurs in patients with renal failure [4] . Because furosemide usually is almost entirely serum protein-bound in healthy subjects [4, 5] , this increase in its unbound fraction in renal failure may affect the pharmacokinetics of the drug and hence its diuretic action or toxicity in uremic patients.
Currently, the most widely accepted explanation for the drug-binding defect in uremic serum is the accumulation of endogenous binding inhibitors, often referred to as "uremic toxins" [4, 6 -10] . In earlier studies, Ikeda et al. [11] showed that indoxyl sulfate (IS) 3 , one of these uremic toxins, competitively inhibits the binding of furosemide to bovine serum albumin. They concluded that indole sulfate represents one of the major inducers of defective furosemide binding to serum in uremia. In our laboratory, however, preliminary experiments with human serum suggested that a substantial proportion of the uremic binding defect cannot be explained by IS alone.
The purpose of present study was to elucidate the molecular mechanism of interaction between furosemide and uremic toxin(s), as related to the binding of furosemide to human serum albumin (HSA), and to identify Drug Monitoring and Toxicology the major inhibitors of this binding. We also investigated the influence of long-chain fatty acids on the furosemide binding to serum in the presence of uremic toxin, given that the concentrations of fatty acids, which modulate drug binding, are considerably increased in patients with chronic renal dysfunction, especially patients undergoing hemodialysis therapy.
Materials and Methods materials
HSA (essentially fatty acid-free) was purchased from Sigma Chemical Co., as were oleate, linoleate, and stearate. Furosemide was a gift from Hoechst Japan. IS, indole-3-acetate (IA), and hippurate (HA) were obtained as pure substances from Nacalai Tesque (Kyoto, Japan). CMPF was kindly provided by A. Takadate (Daiichi College of Pharmaceutical Sciences, Fukuoka, Japan). All other chemicals were of analytical grade. All solutions were prepared in deionized and distilled water. Phosphate buffer (67 mmol/L, pH 7.4), prepared with dibasic and monobasic sodium phosphate, was used exclusively in this study.
Uremic serum was pooled from 8 men with chronic renal dysfunction (mean Ϯ SD age 56.2 Ϯ 12.5 years, creatinine concentration 114 Ϯ 15 mg/L, blood urea N 652 Ϯ 98 mg/L). This serum pool contained CMPF, IS, IA, and HA at mean concentrations of 274, 152, 45, and 357 mol/L, respectively; nonesterified (free) fatty acid (FFA) was at a mean concentration of 0.52 mmol/L. "Normal" (nonuremic) pooled serum, prepared from blood samples obtained from 5 healthy men (age 28.4 Ϯ 6.3 years) with healthy renal functions (mean creatinine and blood urea N concentrations of 14 and 123 mg/L, respectively), contained CMPF, IS, IA, and HA at mean concentrations of 4.0, 1.2, 13.3, and 13.9 mol/L, respectively, and FFA at 0.41 mmol/L. All subjects were withdrawn from furosemide treatment for at least 2 days and from any other medication for Ͼ12 h before blood sampling.
assays
In vitro protein binding of furosemide was determined in the healthy volunteers' and renal failure patients' sera and in isolated HSA solution at 25 Ϯ 1°C by the following procedures. Serum protein binding was measured in the presence of furosemide at 6.6 mg/L (20 mol/L), corresponding approximately to the mean maximum concentration seen after administration of 80 mg of furosemide by intravenous infusion over 1 h. To assess the per unit inhibitory strength of uremic toxin toward furosemide serum binding, each toxin was individually added to the nonuremic serum pool to a final concentration of 300 mol/L. This concentration was selected on the basis of the concentration of CMPF observed in uremic failure patients (our preliminary experiments had shown that CMPF had the most potential for inhibiting furosemide binding to HSA).
In addition, sera contrived to resemble renal patients' sera were prepared by adding to the healthy volunteers' sera IS, IA, HA, and CMPF in concentrations corresponding to renal uremic conditions. To study HSA binding, we added furosemide to isolated HSA solution to give final furosemide concentrations of 10 to 55 mol/L-multiples of the molar concentration of the HSA. The unbound species were isolated by ultrafiltration (Tosoh Plastic, Kanazawa, Japan) of 0.9-or 1.35-mL aliquots in a prewarmed (25°C) centrifuge at 3000 or 5000g for 15 min. Adsorption of furosemide or uremic toxins onto the filtration membrane and apparatus was negligible.
The free concentration of ligand was determined by HPLC with the following columns (all from Cica Merck): Superspher 100 RP-18e for furosemide, LiChrosorb RPselect B for IS and IA, and LiChrosorb RP-18 for CMPF. The mobile phases consisted of distilled water/acetonitrile/methanol (491:9:4 by vol) for furosemide; 35 mmol/L phosphate buffer (pH 4.6)/acetonitrile/methanol (56:29:15 by vol) for IS and IA; and 11 mmol/L phosphate buffer (pH 5.0)/acetonitrile/methanol (10:5:1 by vol) for CMPF. For all separations, the flow rate was 1 mL/min. The UV detector was set at 285 nm for furosemide, IS, and IA and at 240 nm for CMPF. The unbound concentrations of HA were estimated by a previously described HPLC method [12] . The CVs of these assays were Ͻ5% for all ligands. Statistical significance of binding data was evaluated by one-way analysis of variance (ANOVA).
Albumin concentrations were determined with the BCA Protein Assay Kit from Pierce Chemical Co. FFA concentrations were determined with an assay kit from Wako Pure Chemical Co.
data treatment
Binding parameters were estimated by fitting the experimental data to the following equation by using a nonlinear least-squares computer program (MULTI) [13] .
where r is the number of moles of bound drug per protein molecule; [D b ] and [D f ] are the bound and unbound drug concentrations, respectively; [P t ] is the total protein concentration; and K i and N i are the binding constant and the number of binding sites for the ith class of binding sites, respectively. The simultaneous binding of two ligands was analyzed by a previously reported method [12] .
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where Competitive displacement between ligands is indicated by ϭ 0. Inhibition of furosemide binding by uremic toxin or fatty acid was estimated from monitored changes of the free ligand fraction, f, which was calculated as:
Results

effects of uremic toxins on binding of furosemide in serum
To examine IS, IA, HA, and CMPF as potential inhibitors of furosemide serum binding, we measured the free fraction of furosemide at therapeutic concentration (6.6 mg/L) in serum obtained from healthy subjects with or without uremic toxins at concentrations of 300 mol/L. As shown in Fig. 1 , all the uremic toxins tested showed statistically significant inhibitory effects on the binding of furosemide to serum protein: CMPF showed the greatest effect, ϳ3 times more potent than the other three toxins.
The free fractions of furosemide in pooled serum obtained from renal failure patients were compared with those in artificial uremic serum, which was prepared from the nonuremic serum pool as followed. First, the HSA concentration of the nonuremic pool was adjusted [diluted with isotonic saline (9 g/L NaCl)] to mimic the albumin concentration of the uremic pool. Then, the adjusted nonuremic pool was supplemented with IA, IS, HA, and CMPF to mimic the concentrations of these compounds in the uremic pool. As shown in Fig. 2 (columns A and B), the free fractions of drug were comparable between these two systems. This result indicated that IS, IA, HA, and CMPF concentrations reasonably accounted for the changes observed in the free furosemide concentration in uremia. Furthermore, Ͼ80% of this binding defect could be reproduced by the addition of CMPF alone (Fig. 2 , column C).
mechanism of interaction between furosemide, uremic toxins, and hsa
The mechanisms of interactions between furosemide and uremic toxins with respect to HSA were analyzed with a theoretical model for the simultaneous binding of two ligands, as described in Materials and Methods. Furosemide binding to HSA was significantly decreased, as it is for whole serum, by the presence of all four uremic toxins. The inhibition behaviors of IS, IA, and HA were qualitatively similar to each other, whereas the effect of CMPF was much stronger. Fig. 3 shows the results for CMPF and IS as typical for these two groups. For the CMPF-furosemide interactions, the experimental values fit well with the theoretical curve, which is based on the assumption that furosemide and CMPF compete at a common primary binding site on the albumin molecule. In contrast, the extent of mutual displacement between furosemide and an indole ring-containing uremic toxin and HA, with respect to binding to site II, was less than that expected for a competitive mechanism, indicating an anticooperative interaction between furosemide and site II-bound uremic toxins. This type of antagonistic binding was further quantified in terms of coupling constant (). As shown in Fig. 3B , binding isotherms constructed by using the values of 0.60 for the furosemide-IS system were in good agreement with the experimental data. Similar results were also obtained for IA and HA by using ϭ 0.75 and 0. 56, respectively (data not shown).
effect of fatty acid on furosemide binding in serum in the presence of uremic toxin
Among fatty acids, oleate is a most abundant in human serum; linoleate and stearate are also present in substantial amounts. Therefore, we compared the effect of these fatty acids on the serum protein binding of furosemide in the presence of uremic toxin. Fig. 4 shows the effects of oleate on the free fraction of furosemide in serum with or without CMPF. For [oleate]/[HSA] ratios Յ4, the free fraction of furosemide in serum was decreased in the absence of CMPF. Interestingly, further addition of oleate to serum ([oleate]/[HSA] ratios Ͼ4) led to significant (P Ͻ0.01) increases in the unbound fraction of furosemide. Similar complicated effects related to oleate binding have also been observed for warfarin, which is a typical marker ligand for site I binding [14] .
As shown above, the binding of furosemide to serum was greatly inhibited by the presence of CMPF. The presence of oleate at concentrations up to double the albumin concentration had no significant effect on the increased free fraction of furosemide caused by CMPF binding. However, when [oleate]/[HSA] exceeded 4, the free fraction of furosemide in serum containing CMPF was considerably greater than that observed at low oleate concentration.
To elucidate the role of CMPF on the complicated inhibition behaviors on furosemide binding observed in serum containing oleate, furosemide, and CMPF, we examined the influence of oleate on the binding of CMPF to serum protein. As shown in Fig. 5 , the free fraction of CMPF was considerably increased by adding oleate to serum.
Like oleate, qualitatively similar effects on the furosemide binding in the presence of CMPF were observed for both linoleate and stearate ( Fig. 6) The effect of fatty acids on the free fraction of furosemide in the presence of CMPF is in the order of oleate Ͼ linoleate Ͼ stearate.
Discussion
Among the endogenous solutes retained in uremia, IS, IA, HA, and CMPF are recognized as the major inhibitors of drug binding in serum in uremia. In patients with renal dysfunction, these compounds accumulate in the serum to concentrations as great as 202, 101, 883, and 370 mol/L, respectively [8 -10, 15, 16] . As we have shown here, impaired serum protein binding of furosemide in renal failure can be reproduced by adding IS, IA, HA, and CMPF to nonuremic serum. Therefore, it is unlikely that other known uremic substances, e.g., guanidine, methylguanidine, and guanidinosuccinic acid, or other uniden- tified uremic compounds of low molecular mass can displace strongly albumin-bound drugs from binding sites responsible for the binding defect of furosemide in uremic sera. Moreover, the binding results indicate that IS, IA, HA, and CMPF inhibit the binding of furosemide to serum, although CMPF is much more potent in this respect than the others. To account for the mechanisms that govern such specificity in inhibitory potency, we carefully examined the relationship between the furosemide binding site(s) and the uremic toxin binding sites. Recently, the primary binding site of uremic toxins used in this study was reevaluated and identified by means of a theoretical model for the simultaneous binding of two ligands [12] . The location of the primary binding site for CMPF on HSA was found to be within specialized cavities in subdomain IIA, corresponding to site I, one of the major drug-binding areas. In contrast, uremic toxins that contain an indole ring and HA were primarily bound to site II, another major drug-binding area, which is located in subdomain IIIA of the HSA structure [17] . Some studies have suggested that, as with CMPF, the primary binding site for furosemide is located within site I [5] . These findings suggest that furosemide and CMPF may share a common high-affinity binding site. In fact, the present data demonstrate that the inhibitory effect of CMPF on furosemide binding to HSA is competitive, whereas moderate antagonism (anticooperative interaction) in binding to HSA is observed for furosemide and the uremic toxins that are bound to site II. On the basis of its concentrations in uremic serum [15, 16] , its binding affinity to HSA [12, 18] , and the inhibition characteristics found in the present experiments, we think it reasonable to conclude that CMPF represents the compound that is primarily responsible for the impaired binding of furosemide to uremic serum. In addition, uremic toxins that contain an indole ring and HA are also minor contributors to this furosemide-binding defect.
Our conclusions are not in agreement with the data reported by Ikeda's group, which concluded that IS is the major serum binding inhibitor of furosemide in uremia because its serum concentrations were increased in rabbits with experimentally induced acute renal failure and because it inhibited the interaction of furosemide with bovine serum albumin via competitive inhibition [11] . This apparent discrepancy may have several sources: the fact that this group failed to consider CMPF as a potential protein-binding inhibitor in uremia, species difference in ligand specificity of binding sites between bovine and human albumin, and differences in the fatty acid contents of the albumin preparation used.
Many patients with chronic renal dysfunction are involved in hemodialysis treatment, to remove accumulated waste substances. Heparin, frequently used as an anticoagulant during this therapy, is known to enhance the concentrations of fatty acids in blood up to fatty acid to albumin molar ratios as great as 6 to 7, via activation of lipoprotein lipase [19] . Such increases in fatty acids are often associated with the modulation of ligand binding to albumin, for which both competitive and allosteric effects have been reported [19, 20] . Very recently, we found an interesting phenomenon in which the heparin-induced increase in fatty acids triggered a reaction that led to an enhancement of the preferential increase of the free fraction of pharmacologically active ketoprofen enantiomer during hemodialysis [21] . For this reason, we also examined the effect of unsaturated fatty acid (oleate), polyunsaturated fatty acid (linoleate), and saturated fatty acid (stearate) on the binding of furosemide to serum in the presence of CMPF. Among these fatty acids, oleate is the most potent with respect to furosemide binding, both in the absence and presence of CMPF. Compared with the furosemide serum binding at a low molar ratio of oleate to albumin (comparable with that observed in resting healthy subjects), the binding of furosemide to serum protein was inhibited when four or more oleate molecules were bound to one albumin molecule. Under such circumstances, oleates occupy not only high-affinity sites but also low-affinity sites, including site I [22] . As a result, at high concentrations, oleates compete with the furosemide bound to site I.
This oleate-induced increase in the unbound furosemide fraction is further promoted by the binding of CMPF to HSA. Interestingly, the magnitude of the inhibition of furosemide binding to serum observed in the oleate-CMPF-furosemide system is significantly larger than that obtained by assuming the independent inhibitory potency between CMPF and oleate on the binding of furosemide to serum. Analysis of the relationship between CMPF and oleate on HSA binding demonstrates that the free fraction of CMPF is considerably increased by the binding of oleate to its low-affinity sites. Thus, the synergistic response that occurs between CMPF and oleate on the inhibition of furosemide-protein binding is accounted for by a cascade mechanism of furosemide displacement in the oleate-CMPF-furosemide system, in which oleate also indirectly inhibits the binding of furosemide by transiently increasing the concentrations of unbound CMPF that competitively displace furosemide. Although CMPF and furosemide compete with each other for HSA binding, certain differences exist in the oleate binding response between the two ligands-possibly because of slight differences in the position of their binding sites in site I, given that site I consists of several subsites that overlap one another [23] . On the basis of these findings, we conclude that the combination of direct and cascade effects of oleate and CMPF result in the noticeable inhibition of furosemide binding in serum. Although to a lesser degree, linoleate and stearate exhibit a similar cascade effect on the furosemide binding in serum in the presence of CMPF. At the moment, the precise mechanism of the differences in the cascade effect of oleate, linoleate, and stearate is unclear, especially because these fatty acids are likely to bind to the same binding sites. Perhaps they differ in binding constants and allosteric effector activities.
Because CMPF is not removed by hemodialysis treat- ment [24] , the further enhanced binding defect of furosemide in serum may occur in patients with renal insufficiency during hemodialysis therapy. In fact, the heparininduced cascade effect of fatty acids on the serum binding of ketoprofen, which is bound to site II on HSA, was also observed for the fatty acid-indole uremic toxin-ketoprofen system [21] . Considering the findings to date, it is reasonable to postulate the hemodialysis-induced cascade interaction model in fatty acid-uremic toxin-drug systems, in which a transient increase in the concentrations of long-chain fatty acids could produce a cascade displacement of both site I-and II-bound drugs by their competitive inhibitors, namely, CMPF and uremic toxins that contain an indole ring (see Fig. 7 ).
In summary, accumulation of CMPF in patients with renal failure appears to account for a substantial portion of the impaired serum protein binding of furosemide observed in such patients. This CMPF-induced furosemide-binding defect may be further stimulated by the binding of high concentrations of long-chain fatty acids to HSA via a cascade mechanism. Recent studies have shown that CMPF is likely to possess inhibitory potency for the renal organic anion transport system [7, 24] . Because furosemide is known to undergo active tubular secretion [25] , CMPF may also interact with furosemide at the renal anion-transport system, which would serve to reduce the renal clearance of furosemide. Consequently, interactions of CMPF and furosemide with respect to serum protein binding and renal excretion may increase the free fraction of furosemide in serum of patients with renal insufficiency.
